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ABSTRACT
Complex socioeconomic and ecological issues, ranging from impaired streams to Gulf of Mexico hypoxia, have made nutrient management
an increasingly important issue across the USA. High ﬂows during 2010 and 2011 provided a unique opportunity to investigate trends in
discharge, total nitrogen, nitrate/nitrite, total phosphorus, ortho-phosphorus, suspended sediment and total suspended solids during two
distinct high-ﬂow years on the Missouri River. We compared collections taken during 2010 and 2011 at 12 lower Missouri River locations
(river kilometers 1212 to 71) and 22 Missouri River tributary locations. During 2011, average concentrations for all sampled parameters were
signiﬁcantly lower, despite signiﬁcantly higher total discharge, than 2010 concentrations. Differences in water chemistry between years are
likely attributed to the primary source of water. Tributary inﬂow created high ﬂows during 2010, whereas record releases from Gavins Point
Dam created high ﬂows during 2011. Analysis of ﬂow estimated the contribution of these releases at each site and revealed strong positive
relationships between the percentage of estimated tributary ﬂow at each site and the concentrations of total nitrogen, total phosphorus and
total suspended solids. These monitoring efforts underline the contrasting impacts that tributary streams and reservoir releases have on
nutrient export of the Missouri River during high-ﬂow events and reveal a larger trend of increased nutrient concentrations as the proportion
of Missouri River tributary ﬂow increased. Published 2013. This article is a U.S. Government work and is in the public domain in the USA.
River Research and Applications published by John Wiley & Sons, Ltd.
key words: nutrients; water quality; ﬂood; large rivers
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INTRODUCTION
Management of nutrient export to and from freshwater streams
is an increasingly important issue among resource managers,
stakeholders and governments within the Missouri River basin
in North America. Agricultural, urban and industrial developments have substantially altered the diverse riverine and
ﬂoodplain habitats of the Missouri River and its tributaries
and contributed to the nutrient enrichment of streams in the
Missouri River Basin (Galat et al., 2005). Extending more
than 4215 km and draining nearly 1 371 000 km2, the Missouri
River drains parts of 10 states and Canada, and provides water
to a series of six reservoirs in Montana, North Dakota and
South Dakota that comprises the largest reservoir system in
North America, with a storage capacity of nearly 91 km3 (US
Army Corps of Engineers [USACE], 2006). The US Environmental Protection Agency identiﬁed nutrient enrichment as
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one of the leading causes of water quality impairment in rivers,
lakes and estuaries in the USA with the sources of impairment
being agricultural activity and hydrologic modiﬁcations
(such as diversions and channelization), both of which are
substantial in the Missouri River Basin (USEPA, 2009).
Historically, the Missouri River consisted of diverse riverine and ﬂoodplain habitats that included braided channels,
backwater sloughs and sand bars that fashioned a dynamic
and pulsing system with frequent ﬂooding, shifting channels
and extensive lateral connections with the ﬂoodplain. Implementation of the Bank Stabilization and Navigation Project
starting in 1912, the subsequent River and Harbors Act of
1945 and construction of the six mainstem reservoirs between
1937 and 1963 resulted in the contemporary regulated and
channelized system that has substantially altered the natural
ﬂow regime, channel morphology and limnology of the river
(Galat et al., 1998; Jacobson and Galat, 2008; USACE,
2009). A 2.7 m deep by 91.4 m wide navigation channel was
engineered within the channel thalwag downstream of Gavins
Point Dam and makes up what is now deﬁned as the Lower
Missouri River (LMOR) that extends 1178 km upstream from
the conﬂuence with Mississippi River to Sioux City, IA.
These modiﬁcations generally resulted in greater water depths
and faster ﬂows, relative to preregulation conditions, that
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are more likely to transport sediments and nutrients to the
Mississippi River (Jacobson and Galat, 2008; Brown et al.,
2011). Transport of sediment, nutrients and other materials by
the river has become increasingly important because of the
potential to contribute to the seasonal hypoxia, or ‘dead zone’,
in the Gulf of Mexico (Rabalais et al., 1996; Day et al., 2012).
Improved understanding of how ﬂow modiﬁcations such
as reservoir storage affect nutrient transport in the Missouri
River can aid in our understanding of the dynamics of the
modern river system and assist in the development of nutrient-management strategies to reduce export of nutrients
from the Missouri River Basin. The USACE initiated a
water quality monitoring programme in 2008 as part of the
Missouri River Recovery Program. One of the original tasks
of the Water Quality Program was to determine baseline
conditions on the mainstem river, select tributaries and
within created habitats. As part of that work, water quality
data were collected during two consecutive high-ﬂow years,
2010 and 2011, that presented a unique monitoring opportunity due to the distinctive circumstances surrounding each
ﬂood. These data provide insight into the water composition
of Missouri River ﬂoods from different sources but of
similar magnitude and, in conjunction with multiple water
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quality models, will aid in predicting nutrient export from
Missouri River ﬂoods in the future. Furthermore, the
National Research Council (NRC, 2011) recommended the
development of numeric criteria for Missouri River sediments and nutrients and suggested that these criteria be
based on a better understanding of the historic and background levels of nutrients in the river. To develop numeric
water quality standards for the protection of designated uses
of waterbodies as required by the Clean Water Act Section
303(c), and to prevent waterbodies from being degraded
with reference to their current condition, a thorough understanding of the current conditions of the waterbody is necessary. This study, along with other ongoing studies in the
Missouri River Recovery Program and other governmental
and academic organizations, provides information that will
help set the basis for developing narrative or numeric nutrient
criteria in the Missouri River basin.

METHODS
As part of the USACE sampling of the LMOR (USACE,
2010), water quality monitoring was conducted from March

Figure 1. Missouri River basin within the USA showing Missouri River and tributary sampling locations
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through October in 2010 and 2011 at 12 Missouri River and
22 tributary stream locations from Yankton, SD to near the
conﬂuence with the Mississippi River in St. Louis, MO
(Figure 1). Grab samples were collected monthly and
followed on a Lagrangian sampling scheme, which was
based on the nominal time-of-travel of water as it moved
downstream the Missouri River from Gavins Point Dam
to St. Louis, MO. Discrete near-surface (0.1 m depth), middepth and near-bottom grab samples were collected at a vertical above the thalwag at each site with a Van Dorn sampler
and promptly shipped to a contract laboratory to be analyzed
individually for nutrients (total phosphorus [TP], orthophosphorus [OP], total Kjeldahl nitrogen [TKN] and nitrate/
nitrite [NO3]), total suspended solids (TSS) and suspended

sediment concentration (SSC) following published protocols
(Cleceri et al., 2005). Total nitrogen (TN) concentrations were
calculated by summing the concentrations of TKN and NO3.
Results from each of the three vertical grab samples were
averaged to produce a single monthly value for each constituent at each site. This sampling was not intended to estimate
loads but rather provide snap shots of nutrient concentrations
along the mainstem channel. Resource and time constraints
prevented the intensive collection effort required of crosssectionally integrated composite samples spanning a collection range of 1300 km of river.
Multivariate analysis of variance (MANOVA) was used
to assess differences among mainstem river sites and year
for all parameters of interest (TP, OP, TN, NO3, TSS and

Table I. Missouri River and tributary sites sampled March through October 2010 and 2011. River kilometer for tributaries was recorded at the
conﬂuence with the Missouri River
Site

MO river kilometer

US Geological Survey (USGS) gauge

n

1212
1112
996
906
801
681
541
472
364
257
158
71

*Verdel, NE-USGS 06453620/Yankton, SD-USGS 06478513/GPD
Decatur, NE-USGS 06601200
Omaha, NE-USGS 06609100
Nebraska City, NE-USGS 06807000
Rulo, NE-USGS 06813500
St. Joseph, MO-USGS 06818000
Kansas City, MO-USGS 06893000
Waverly, MO-USGS 06895500
Glasgow, MO-USGS 06906500
Jefferson City, MO-USGS 06910450
Hermann, MO-USGS 06934500
St. Charles, MO-USGS 06935965

15
15
15
15
15
15
16
16
16
15
14
14

1287
1242
1181
1176
1077
1069
1022
958
872
818
797
745
629
591
538
505
402
385
325
224
209
167

Yankton, SD-USGS 06478513
Vermillion, SD-USGS 06479010
Akron, IA-USGS 06485500
James, IA-USGS 06600500
Turin, IA-USGS 06607500
Pisgah, IA-USGS 06608500
Logan, IA-USGS 06609500
Louisville, NE-USGS 06805500
Hamburg, IA-USGS 06810000
Fairfax, MO-USGS 06813000
Falls City, NE-USGS 06815000
Graham, MO-USGS 06817700
Sharps Station, MO-USGS 06821190
Kansas City, KS-USGS 06892950
Mosby, MO-USGS 06894200
Richmond, MO-USGS 06895000
Sumner, MO-USGS 06902000
Prarie Hill, MO-USGS 06905500
Otterville, MO-USGS 06906800
Jefferson City, MO-USGS 06910750
St. Thomas, MO-USGS 06927000
Rich Fountain, MO-USGS 06934000

14
14
14
14
14
14
14
14
14
14
14
12
15
15
14
14
15
15
15
15
15
15

Main Stem
Ponca
Decatur
Omaha
Nebraska City
Rulo
Atchison
Sibley
Waverly
Glasgow
Marion
Hermann
Weldon
Tributary
James River
Vermillion River
Big Sioux River
Floyd River
Little Sioux River
Soldier River
Boyer River
Platte River (NE)
Nishnabotna River
Tarkio River
Big Nemaha River
Nodaway River
Platte River (MO)
Kansas River
Fishing River
Crooked Creek
Grand River
Chariton River
Lamine River
Moreau River
Osage River
Gasconade River
n is samples collected at each site.
Published 2013. This article is a U.S. Government work and is in the public domain in the USA.
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SSC). If MANOVA was signiﬁcant, individual ANOVAs
were performed for each parameter to determine if the
means were signiﬁcantly different between 2010 and 2011
for all sites. If ANOVA was signiﬁcant, a Fisher least square
difference test was used post hoc for pairwise comparisons.
A Mann–Whitney U-Test was used to assess differences in
constituent concentrations between years of individual tributary sites. Statistical signiﬁcance was set at α = 0.05 for all tests.
River stage (m) and discharge (m3sec 1) were estimated
for each Missouri River and tributary site using data from
the nearest US Geological Survey (USGS) stream gauge
station (Table I). Flows exiting Gavins Point Dam were
provided by the USACE and used as a reference for base
ﬂow in the river. Based on the estimated time-of-travel of
surface water in the Missouri River near ﬂood stage ﬂows,
the percentage of ﬂow at each site attributable to ﬂows
from Gavins Point Dam was estimated (USACE, 2006).
For each site, estimated ﬂow exiting Gavins Point Dam
was subtracted from the stream discharge measured at the
nearest USGS stream gauge to obtain the fraction of ﬂow
assumed to be contributed by tributary inputs, groundwater
inputs and/or point-source discharge inputs (wastewater
treatment plants, industrial operations, etc.) on the Missouri
River. At ﬂood stage ﬂows, inputs from groundwater and
point-sources were considered negligible when compared
with total ﬂow. Therefore, the downstream ﬂow gains (i.e.
ﬂow not attributable to ﬂow exiting mainstem dams) is
referred to as ‘tributary ﬂow’ and encompasses all tributary
and surface drainage inputs into the Missouri River up-gradient
of a given site. Spearman rank (non-parametric) correlation
analyses were performed on nutrient concentrations versus
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total ﬂow and the approximate per cent of tributary ﬂow
(%Qt) at each site to evaluate the relationships between ﬂow
and nutrient concentrations. Spearman rank analysis was
used because of violation of the Pearson product-moment
correlation assumptions, speciﬁcally those of linearity and
homoscedasticity of the data.
RESULTS
During monitoring in 2010 and 2011, discharges frequently
exceeded the 75th percentile for ﬂow at all monitoring
locations and typically remained above 75th percentile for
extended periods (Figure 2). Both years experienced abnormally high ﬂow on the Missouri River with emergency ﬂood
response actions implemented by federal, state and local
governments to mitigate damages to property and life. All
sites exceeded the 75th percentile for volume for both years
and remained at ﬂood stage for an average of 53 days in
2010 and 105 days in 2011. USGS gauge 06893000 (Kansas
City), the gauge used for site 541, did not experience many
days at or above ﬂood stage (0 days in 2010; 8 days in 2011)
because of the high level of protection from federal levees
afforded at this gauge. However, site 541 still experienced
record high ﬂows and exceeded the 75th percentile for
volume over the course of the sampling season.
Mean daily ﬂow was generally higher in 2011 than in
2010 at 10 of 12 sites with a mean difference of 917 m3/s
(±514). The greatest difference in ﬂow occurred at sites
nearest to Gavins Point Dam with the greatest difference
occurring at Ponca, NE with a mean daily increase of ﬂow
from 2010 to 2011 of 1490 m3/s. Flow difference tended to

Figure 2. Bars show the number of days each site was at or above ﬂood stage according to USGS gauge height. Lines showing total discharged
volume at all Missouri River sampling locations for March through October in 2010 and 2011 with shaded areas approximating the 25th, 50th
and 75th percentiles for ﬂow volume
Published 2013. This article is a U.S. Government work and is in the public domain in the USA.
River Research and Applications published by John Wiley & Sons, Ltd.
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3 of 12
<0.01
0.02
—
686
23
143
— 89 178
PW represents the number of sites signiﬁcantly different post hoc.
n is the number of samples for each constituent.
MDL is the minimum detection level.
^ is the number of samples reported below the analytical detection limits.
All concentration units are in mg/L.

2393

Total phosphorus
Ortho-phosphorus
Nitrate/nitrite
Total nitrogen*
Total Kjedhal nitrogen
Suspended sediment
concentration
Total suspended solids

272
92 423
4

44

12
12
12
12
12
12
6 of
3 of
8 of
8 of
8 of
3 of
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
—
8
—
—
—
—
0.73
0.16
2.4
3.93
2.03
781
90
0.31
0.3
90
0.07
0.07
88
0.93
0.8
88
1.75
1.58
98
0.83
0.77
89 265
236
91
0.55
0.45
90
0.12
0.1
91
1.78
1.8
91
3.3
3.21
98
1.42
1.13
76 575
347
0.01
0.01
0.04
—
0.2
4

0.08
0.03
0.04
0.47
0.4
42

2.03
0.49
3.9
8.93
5.53
2857

—
—
1
—
—
—

0.08
0.01
0.07
0.41
0.23
13

p-value p-value PW (p < 0.05)
Median Minimum Maximum
Mean
n
^
Median Minimum Maximum
Mean
MDL (mg/L) n
Constituent

attenuate downstream with the two furthest downstream
sites (sites 158 and 71) exhibiting a relatively small decrease
from 2010 with mean differences of 82 and 188 m3/s,
respectively. Mean daily outﬂow from Gavins Point Dam
was substantially higher in 2011 with a mean increase of
1495 m3/s from 2010. During 2011, the majority of ﬂow at
all sites can be attributed to the Gavins Point Dam outﬂow,
which comprised approximately 64% (±23%) of total ﬂow
at each site, whereas only about 37% (±23%) of the total site
ﬂow could be attributed to outﬂow from dam releases during
2010 (Figure 3).
Analysis of suspended and dissolved constituents found
concentrations in 2010 to be substantially higher than those
in 2011. The MANOVA revealed signiﬁcant differences
(p < 0.01) for nutrient and sediment concentrations at
Missouri River mainstem sites between 2010 and 2011 for
the site and year factors; the interaction effect (site*year)
was not signiﬁcant (p = 0.51). Two-way ANOVA tests
indicated there were signiﬁcant differences in concentrations
between sites and years for TP, OP, TN, NO3, TSS and SSC
with the means in 2010 being signiﬁcantly greater than in
2011. Signiﬁcant pairwise differences between years were
common with higher concentrations always occurring
during 2010 (Table II; Figure 4). Mean concentrations of
TP and OP were 77% (0.24 mg/L) and 71% (0.05 mg/L)

2010

Figure 3. Example hydrograph representing the approximate proportion of ﬂow that originated from the Gavins Point Dam (GP) at USGS
Gauge 0689550, Site 472. Dark grey shading is ﬂow from GP

Table II. Summary of constituent concentrations by year and analysis of variance (ANOVA) results

2011

^

Site

Year

D. M. MORRIS ET AL.

ANOVA Results
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Figure 4. Summary of 2010 (light shade) and 2011 (dark shade) nutrient and suspended sediment data with the shaded bars representing the
quartile range, black bars the 5th and 95th percentiles and points representing outliers. The thin horizontal bar represents the median, and the
bold horizontal bar represents the mean. All y-axis values are in mg/L

higher in 2010 respectively. Likewise, nitrogen compounds,
including NO3, TKN and subsequently TN, were 91%
(0.85 mg/L), 71% (0.59 mg/L) and 89% (1.55 mg/L) higher
in 2010 respectively. SSC was 116% (310 mg/L), and TSS
was 137% (245 mg/L) higher in 2010.
Spearman rank correlation analysis indicated that TP
(rs = 0.41, p < 0.01, n = 193), TN (rs = 0.18, p < 0.01,
n = 194), SSC (rs = 0.45, p < 0.01, n = 164) and TSS
(rs = 0.53, p <0.01, n = 193) were signiﬁcantly correlated
with discharge. Likewise, TP (rs = 0.79), TN (rs = 0.81), SSC
(rs = 0.64) and TSS (rs = 0.74) were also signiﬁcantly
correlated (p < 0.01) with %Qt (Figure 5). NO3 (rs = 0.12,
p = 0.09, n = 192) and OP (rs = 0.01, p = 0.91, n = 192) were
not correlated with total ﬂow but were signiﬁcantly correlated
with %Qt (p < 0.01, rs = 0.79 and 0.69, respectively). Multiple
regression analysis was then used to test if total ﬂow or
%Qt signiﬁcantly predicted concentrations of nutrients or
suspended solids. Nutrient and suspended solid concentrations were log-transformed to force linearity. The results of
the regression indicated that both %Qt and ﬂow had signiﬁcant positive relationships (p < 0.01) with the constituent
concentrations, but that %Qt had a larger predictive effect

(as indicated by the beta coefﬁcient, b*) on concentrations
of TP (r2 = 0.66, b* = 0.73), TN (r2 = 0.63, b* = 0.79), SSC
(r2 = 0.55, b* = 0.60) and TSS (r2 = 0.66, b* = 0.65) than did
total ﬂow (TP [b* = 0.23]; TN [b* = 0.01]; SSC [b* = 0.35];
TSS [b* = 0.35]). Per cent Qt was also shown to have a strong
predictive effect on NO3 (r2 = 0.60, b* = 0.78, p < 0.01) and
OP (r2 = 0.54. b* = 0.75, p < 0.01).
Comparison of tributary sites revealed very few significant differences in nutrient concentrations between
years. Three sites (the Platte River, Kansas River and
Chariton River) showed signiﬁcantly higher TP concentrations in 2010 (p < 0.05), whereas only two sites (the
Soldier River and Osage River) showed signiﬁcantly
higher OP concentrations in 2010 (p < 0.05). No signiﬁcant differences were observed for TN or NO3 at tributary sites between years. Flow was substantially higher
in 2010 than 2011 at 20 of 22 tributary sites with
ﬂow volumes in 2010 averaging more than 195% of the
ﬂow volumes observed in 2011. Considering that ﬂow
between sites was highly variable with ﬂows ranging
from 0.05–25 m 3/s on the Fishing River to 149–3396 m
3
/s on the Platte River, comparison of concentrations

Published 2013. This article is a U.S. Government work and is in the public domain in the USA.
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Figure 6. Summary of 2010 (light shade) and 2011 (dark shade)

total phosphorus and total nitrogen concentrations for tributary
sites with the shaded bars representing the quartile range, black
bars the 5th and 95th percentiles, and points as outliers. The thin
horizontal bar represents the median and the bold horizontal
bar the mean

Figure 5. Multiple regression illustrating the positive relationship of
nitrate/nitrite (NO3), ortho-phosphorus (OP), total nitrogen (TN),
total phosphorus (TP), suspended sediment concentration (SSC)
and total suspended solids (TSS) with per cent tributary ﬂow
(%Qt) for all stations

between tributary sites was not deemed appropriate.
Nutrient mass ﬂux was not calculated because of the
sampling design, but considering that ﬂow was substantially higher in 2010 and concentrations were either
higher or similar, it can be assumed that a higher ﬂux
of nutrients was input in the Missouri River from tributaries in 2010 compared with 2011 (Figure 6).

DISCUSSION
Management of nutrient concentrations in the Missouri River
Basin is an increasingly important issue due to the continual

increase of nutrient loading from anthropogenic sources to
the Gulf of Mexico over the past 50 years (Turner and
Rabalais, 1991). Although signiﬁcant efforts have been undertaken to reduce nutrient loads to the Gulf in recent years, little
success has followed (Sprague et al., 2011). A better understanding of nutrient transport and cycling throughout the basin
may provide insight to help guide strategies designed to
reduce nutrient delivery from the Missouri River basin. Data,
however, from regional water quality monitoring assessments
are often difﬁcult to interpret and complicated by sparseness
of sampling locations due to cost constraints, temporal
and spatial bias in sampling and heterogeneity inherit in
most drainage basins (Smith et al., 1997). While long-term
monitoring data are essential for nutrient reduction strategies
and the development of water quality criteria (NRC, 2011;
NRC, 2012), monitoring nutrient concentrations during
signiﬁcant events such as ﬂooding may provide further insight
to nutrient transport and cycling, at all stages of the
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hydrograph, within the Missouri River basin. Floods in 2011
and 2010 provided a unique opportunity to compare water
quality parameters of different ﬂow sources, with the majority
of water passing through Gavins Point Dam in 2011 and the
majority of water coming from downstream of the Mainstem
Reservoir System in 2010. A comparison of nutrient concentrations during these 2 years may help identify potential
nutrient drivers in the system and provide a better understanding of the dynamic nature of nutrient cycling in this contemporary and highly modiﬁed large river basin.
The methods used in the collection of water quality
samples in this study may limit the use or comparability
of this data with other studies. Concentrations from grab
samples taken at a vertical above the thalwag may not accurately represent the lateral cross-sectional variations in the
concentrations of particulate constituents such as organic
nitrogen, phosphorus and suspended sediments. Therefore,
the values reported here for TP, TN (TKN), TSS and SSC
may not be representative of the entire cross-section and
may not be comparable with cross-sectionally integrated,
ﬂow-weighted composite samples. However, given the
assumption of a relatively uniform velocity within the
navigation channel in the Missouri River at ﬂood stage
and the consistent manner and location that collections were
made, we believe that vertically averaged grab samples
over the thalwag provides us with a realistic estimate of
the concentrations of particulate constituents that are
comparable between sites and years for the purposes of this
study. Furthermore, the concentrations of the dissolved
constituents NO3 and OP have been shown to be comparable between grab and composite samples (Martin et al.,
1992) and therefore are assumed to be representative
and comparable.
Suspended sediments and associated nutrients typically
increase with increasing discharge (Leopold and Maddock,
1953; Graf, 1984; McCarney-Castle et al., 2010). Correspondingly, we found a positive relationship of TP, TN,
TSS and SSC with discharge. Although both 2010 and
2011 were considered high-water years (>75th percentile
for ﬂow volume) in the LMOR basin, 2011 ﬂows were
signiﬁcantly higher than 2010 at all but one site, yet our
data show nutrient and SSCs in 2010 were consistently
higher than those in 2011. This discrepancy most likely
can be explained by considering the different sources of
water from each year.
The high ﬂows in 2010 downstream of Gavins Point Dam
were chieﬂy a result of large amounts of precipitation in the
downstream tributary watersheds, whereas the outﬂow
from Gavins Point Dam remained relatively stable resulting
in LMOR ﬂows originating from sub-basin catchments.
Agricultural activities have been particularly inﬂuential on
water quality in the LMOR and associated tributaries
through fertilizer application, increased upland erosion,

ditching and tile draining, and stream channelization
(Stanley and Doyle, 2002; Brown et al., 2011; NRC,
2011). Additionally, the construction of dikes and revetments on the LMOR have further added to the problem of
excess nutrient export by narrowing and focusing the
thalweg, which has created a swift and deep channel that
efﬁciently transports river constituents downstream
(Jacobson and Galat, 2006). This transition from a shallow,
shifting and braided river to a deep single-channel system
has resulted in an extremely limited ability to inﬂuence
nutrient loads because of the restricted extent of sediment–water contact, which plays a key role in the potential
for denitriﬁcation, relative to the large volumes of water
being conveyed (Alexander et al., 2000; Garcia-Ruiz
et al., 1998).
Conversely, the unprecedented duration of ﬂows in 2011
was primarily the product of large amounts of precipitation
and snowmelt in the upper basin. This resulted in record
releases from all six Missouri River mainstem reservoirs,
including the lowermost dam, Gavins Point, resulting in
approximately 50% of the ﬂow volume (assuming conservancy) at the most downstream sampled site. Reservoirs
systems have been recognized to substantially reduce the
regional export of nutrients in rivers by retaining as much
as 40% of the incoming ﬂux of nitrate and 60% of phosphate
(Caraco and Cole, 1999; Jossette et al., 1999). The retention
of nitrogen is primarily because of the deposition and burial
of particulate nitrogen in reservoir bottom sediments and to
a lesser extent the denitriﬁcation of NO3 to atmospheric N2,
which is relatively inert (Jossette et al., 1999). This transformation, facilitated by heterotrophic bacteria, occurs under
reduced oxygen concentrations and takes place primarily
in the benthic sediments of lakes and rivers (ThouvenotKorppoo et al., 2009). The primary retention mechanism
for phosphorus is the adsorption of phosphate to sediment
particles due to the high afﬁnity of phosphate for mineral
surfaces (Wetzel, 2001). Reduced velocities and increased
retention times in reservoirs encourage particle settling thus
retarding and even preventing downstream transport of the
adsorbed phosphorus compounds (Kennedy and Walker,
1990). On the basis of these facts, it is not surprising that
nutrient concentrations in 2011, which had an average of
30% more ﬂow contributions from Gavins Point Dam, were
lower than those in 2010. Brown et al. (2011) estimated that
nutrient attenuation in reservoirs and lakes in the Missouri
River Basin accounts for approximately 16% of the TN load
and 33% of the TP load that would otherwise reach the
Mississippi River. It is unlikely that autochthonous
processes majorly affect the net ﬂux of bioavailable nitrogen
or phosphorus in the river mainstem and transformation of
nutrients is likely more important in reservoirs and lowerorder tributaries than in the mainstem (Knowlton and Jones,
2000; Smith et al., 1997).
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CONCLUSIONS
Our results provide a snapshot of two very different high
ﬂow years on the Missouri River. Longer term patterns in
streamﬂow, nutrients and SSCs are needed to provide a
more robust assessment of the factors inﬂuencing the ﬂux
of nutrients within the Missouri River Basin. However, this
data points to the signiﬁcant contributions of nutrients
imported from tributary streams and, conversely, the relatively small contribution from upstream reservoirs. Similar
results have been reported from a SPARROW model of
the Missouri River basin by Brown et al. (2011). Gulf
hypoxia, nutrient loadings, stream degradation, sediment
management and habitat restoration are just a few of the
ecological and socioeconomic issues surrounding the
Missouri River basin. Implementation of management
practices and pollution-control strategies will likely have
an effect on concentrations of sediment and nutrients in
the LMOR in the future, particularly during normal ﬂow
years. Our data suggests that tributary streams are a signiﬁcant factor in nutrient concentrations of the Missouri River;
therefore, nutrient management and the development of
nutrient criteria, with the purpose of reducing nutrient export
from the Missouri River basin, should be targeted in tributary
watersheds. However, continued monitoring and further
investigation of the water quality in the Missouri River are
necessary to further delineate nutrient dynamics to help guide
future management decisions with regards to reservoir operations, agricultural practices and habitat restoration activities.
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